We present a summary of recent studies of ballistic currents using nonlinear optical techniques. Quantum interference between one-and two-photon absorption pathways is used to inject and control ballistic currents in GaAs samples. With this, a pure charge current, pure spin current, or spin-polarized charge current can be injected by changing the polarization configuration of the two pump pulses. Such currents are temporally and spatially resolved using high-resolution pump-probe techniques, including a derivative-detection scheme, which allows detection of the motion of carriers as small as 0.1 nm. Observation of the intrinsic inverse spin Hall effect in the ballistic regime, a study of time-resolved ballistic spin-polarized charge currents, and a study of the efficiency of spin current injection by quantum interference were all achieved using these techniques. Additionally, we discuss demonstrations of second-order nonlinear optical effects induced by charge and spin currents, which allow for the nondestructive, noninvasive, and real-time imaging of currents.
INTRODUCTION
Charge carrier transport in semiconductors is the foundation of the modern semiconductor industry. It has been extensively investigated for several decades. However, most of these studies have been performed on carrier systems that are in thermal equilibrium with the lattice. In this regime, the transport can be described by the macroscopic quantities of mobility and the diffusion coefficient, which are straightforwardly related to microscopic quantities of the mean free path and mean free time. However, in a practical device, carriers are usually injected with a nonthermal distribution. It takes multiple carrier-carrier scattering events for the carriers to exchange energy in order to establish a thermal distribution and multiple carrier-phonon scattering events for the carrier system to reach a thermal equilibrium with the lattice. Under typical conditions, the mean free length of the carriers is on the order of 10 to 100 nm [1] . Hence, equilibrium carrier transport can only be established on larger length scales. However, feature sizes of electronic devices in integrated circuits have already been reduced to 60 nm, and they will approach 20 nm soon. Because the device dimensions are comparable to or even smaller than the mean free path, carriers can move through the device with few or even no collisions. Therefore, there is no room for the carriers to reach thermal equilibrium with the lattice, and the nonthermal, nonequilibrium carrier transport plays a dominant role in nanoscale devices.
Studies of nonequilibrium carrier nanoscale transport require experimental techniques with a high temporal resolution because the transport occurs on ultrafast time scales of at most a few picoseconds. Electrical detection techniques that are generally used in transport studies have limited temporal resolution. Ultrafast laser techniques are standard tools to study nonequilibrium carrier dynamics in semiconductors, owing to their superior temporal resolution [2] . Several laser techniques to study carrier transport have been developed, including the transient grating [3] [4] [5] [6] [7] [8] , spatially resolved pumpprobe [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and spatially resolved photoluminescence [21] [22] [23] [24] [25] [26] . However, the spatial resolution of these techniques is limited to the order of the wavelength of the light. This imposes severe constraints on studies of nonequilibrium carrier transport, which occurs on much shorter length scales.
It has also been widely recognized that the future of electronic technology relies on revolutionary development because the current technology is approaching the fundamental limit on device size. One promising candidate is spintronics, in which the spin of electrons is used in addition to, or in place of, charge [27] [28] [29] . Considering spin as well as charge, carrier transport can lead to three different types of currents. In conventional devices, carriers have random spin orientations. Transport of such a spin-unpolarized carrier system leads to a pure charge current, without a spin current. In contrast, movement of a spin-polarized carrier system produces both a charge and a spin current. This is often called a spin-polarized charge current. Finally, it is possible to generate a pure spin current, with no charge current. In this type of current, equal numbers of carriers with opposite spin orientations move oppositely. Because the charge currents carried by the two spin systems cancel, there is no net charge current. However, the spin currents by the two spin systems superimpose, resulting in a pure spin current.
Because spin transport in semiconductors plays a key role in spintronics, over the past ten years several optical techniques have been developed to study spin transport in semiconductors. For example, by measuring polarization properties of photoluminescence, spin transport in GaAs bulk [30, 31] and quantum wires [32] has been studied. Spin transport carried by surface acoustic waves has also been demonstrated with this method [33] [34] [35] . Another extensively used optical technique is based on rotation of linear polarization of light by the effective magnetic field of spin-polarized electrons. The Faraday (transmission geometry) and Kerr (reflection geometry) rotation techniques have been applied in studies of transport of spins injected by optical orientation [36] [37] [38] [39] , the spin Hall effect [40] [41] [42] [43] [44] , and from ferromagnets [45] . Very recently, a spin transient-grating technique was successfully used in studies of the spin Coulomb drag effect [46] , spin diffusion [47] , and persistent spin helix [48, 49] . However, as in the studies of charge transport, the limited spatial resolution of these techniques confined them to study only equilibrium spin transport over large length scales.
In this article, we will review our recent studies of ballistic charge and spin transport using optical techniques that are not constrained by the conventional spatial resolution of optical systems set by the diffraction limit. We will first introduce some fundamentals of optical injection of ballistic currents by utilizing quantum interference between multiple absorption pathways. The first optical technique we used to study the ballistic currents is based on a pump-probe technique with a derivative-detection scheme. In this scheme, the smallest detectable motion is determined by the signal-to-noise ratio (SNR) instead of the laser spot size. We will describe three recent experiments using this scheme: the intrinsic inverse spin Hall effect, dynamics of ballistic spin-polarized charge currents, and efficiency of current injection by quantum interference. The second technique uses second-order nonlinear optical effects induced by the currents. This technique directly senses the velocity of the carriers. Hence, it is not necessary to spatially resolve the position of the carriers during their nanoscale transport. We will discuss our demonstrations of the second-harmonic generation induced by pure spin currents and pure charge currents.
OPTICAL INJECTION OF BALLISTIC CURRENTS
In a typical transport measurement, carriers are driven by an externally applied electric field. An acceleration process is required to establish an equilibrium current. Because the acceleration time is much longer than the thermalization time, the transport is in the drift-diffusion regime. On the other hand, interband excitation by ultrafast laser pulses can instantaneously inject nonequilibrium carriers, but because the excitation is symmetric in crystal-momentum space (k space), equal numbers of carriers are injected with opposite average velocities along any direction, and no macroscopic current exists.
However, in the early 1990s, it was proposed and demonstrated that quantum interference between multiple absorption pathways can be used to inject ballistic currents. Although the first demonstration used transitions from impurity levels to the conduction band driven by infrared pulses [50] , most studies involve interband transitions . The key element for breaking the k-space symmetry of the optical excitation is that the transition amplitude of two-photon absorption, A 2 , is approximately an odd function of k. Although the transition probability of two-photon absorption P 2 jA 2 j 2 is still an even function of k, it is possible to interfere this process with another one with an even transition amplitude, so that the interference terms are odd. One obvious choice is one-photon absorption between the same two states, with an amplitude A 1 k A 1 −k. If the two transition pathways are present simultaneously, the overall transition probability is
The first two terms on the right-hand side of Eq. 1 are the transition probabilities of one-and two-photon absorption when existing alone. They are both even functions of k and hence do not contribute to a current. The other two terms are the interference terms, and are odd functions of k. Therefore, in most cases, Pk ≠ P−k. Figure 1 illustrates three configurations used to inject different types of ballistic currents in semiconductors. In the first configuration [ Fig. 1(a) ], the semiconductor sample is simultaneously illuminated by two phase-locked laser pulses with angular frequencies ω and 2ω [red and green waves in Fig. 1(a) ] that are both linearly polarized along an arbitrarily chosenx direction. When ℏω < E g < 2ℏω, where E g is the bandgap of the sample, the ω (2ω) pulse drives the two (one)-photon absorption. By choosing a proper relative phase between the two pulses, we can arrange the two amplitudes to interfere constructively at states with positive k values, and destructively at states with negative k values. The average velocity of the excited electrons is η c υ sinΔϕx, where υ is the speed of each electron determined by the excitation (a) Twox-polarized laser pulses with angular frequencies of ω and 2ω inject electrons (e) and holes (h) into the conduction and the valence bands by simultaneous two-photon absorption of the ω pulse and one-photon absorption of the 2ω pulse. Electrons are excited with an average velocity along thex direction as a result of the quantum interference between the two transition amplitudes. Holes are injected with an average velocity along the opposite direction. (b) Thex-polarized ω pulse andŷ-polarized 2ω pulse excite spin-up electrons with an average velocity alongx, with an equal number of spin-down electrons with opposite average velocity. Hence, a pure spin current alongx is injected. (c) Two circularly polarized pulses excite spin-polarized electrons with an average velocity along a direction that is determined by the relative phase of the two pulses. A spinpolarized charge current is injected. In panels (b) and (c), the holes are not plotted for clarity. excess energy and Δϕ 2ϕ ω − ϕ 2ω is determined by the phases of the two pulses. The η c is a parameter describing the efficiency of interference, and it is typically on the order of 0.1 [57] . Hence, a charge current is injected alongx. Owing to the crystal momentum conservation, holes are injected in the valence band with an opposite crystal momentum. The charge current carried by the holes is along the same direction as the electronic current, but it is usually weaker because, in most materials, the holes have larger effective masses than the electrons in the conduction band. However, the holes can play an important role in determining the dynamics of the currents.
In this scheme, carriers are instantaneously injected to highenergy states by ultrafast laser pulses, and therefore no acceleration process is required-the carriers start their motion with a high speed. Because it takes time for the moving carriers to undergo collisions with themselves and phonons, these instantaneously injected currents are known as ballistic currents. Therefore, the quantum interference and control (QUIC) technique is a powerful tool to study ballistic transport.
Injection of ballistic pure charge current by the QUIC technique, as illustrated in Fig. 1(a) , was originally proposed in 1996 [51, 73] . It was soon demonstrated experimentally in GaAs by observing steady-state charge accumulation [52, 74] . It was also demonstrated that the injected ballistic charge current can be studied by detecting the electromagnetic radiation by the current, with frequencies in the THz range [55] , or by a spatially resolved pump-probe technique [56] . Additionally, it was used to stabilize the carrier-envelope phase of femtosecond lasers [53, 54, 75, 76] . More recently, injection of pure charge currents by the QUIC technique in other materials and structures has been achieved, including GaAs quantum wells [56] , silicon [70, 71] , germanium [70] , CdSe and CdTe [69] , carbon nanotubes [72, 77] , graphite [72, 77] , and graphene [78] . Other variations of the QUIC technique have also been demonstrated. For example, it was shown that the two-photon absorption can be nondegenerate (i.e., absorption of two photons with different energies, with the sum equal to the one-photon transition energy) [79] . As another example, when the two excitation beams are not collinearly incident to the sample, a charge current grating can be injected [80, 81] . These experimental studies were also accompanied by extensive theoretical efforts [82] [83] [84] [85] .
Figure 1(b) shows the configuration used to inject pure spin currents. When the ω pulse is still linearly polarized along thê x direction but the 2ω pulse is linearly polarized along the perpendicularŷ direction, spin-up electrons are preferentially injected to the conduction band states with positive k values, with the same density of the spin-down electrons to the states with negative k values. The average velocities of the two spin systems are opposite, h→ υi ↑ −h→ υi ↓ η s υ cosΔϕx. Because there are equal number of electrons moving with opposite average velocities, there is no net electron transport and no net charge current. However, the spin currents carried by the two spin systems add together, resulting in a pure spin current along the x direction.
Injection of pure spin current by the QUIC technique was originally proposed in 2000 [57] and has been demonstrated experimentally in GaAs [58, 86] ZnSe [59] , and Ge [87] by using a spatially resolved pump-probe technique [58, 87] , transientgrating technique [86] , and photoluminescence [59] . Compared to other available techniques to generate pure spin currents [40, [88] [89] [90] [91] [92] [93] [94] , the QUIC technique has two significant advantages: the current injected is ballistic and the current density can be very high.
Finally, the QUIC technique can be used to inject ballistic spin-polarized charge currents, as illustrated in Fig. 1(c) . Here, the two pulses are both circularly polarized with the same sign (for example σ ). Because of spin-selection rules, spinpolarized electrons are injected to the conduction band. With the quantum interference, these electrons are excited with a nonzero average velocity η sc υcosΔϕx sinΔϕŷ, where η sc describes the current injection efficiency. Hence, in this configuration the Δϕ controls the direction, instead of the magnitude, of the injected current. Following the initial theoretical proposal [57] , injection of spin-polarized charge current by the QUIC technique was also demonstrated experimentally [95] .
HIGH-RESOLUTION PUMP-PROBE STUDIES OF BALLISTIC CURRENTS
A. Derivative Detection Because of the diffraction of light, the spatial resolution of a far-field optical system is limited to the order of micrometers. This is the main obstacle in studies of nanoscale ballistic transport by optical techniques. In order to achieve high spatial resolution, a derivative-detection scheme was developed, and it was first used to detect pure spin currents [58] .
The principle of the derivative-detection scheme is rather simple, as illustrated in Fig. 2 . Initially, carriers are excited to a Gaussian spatial density profile of width W (full-width at half-maximum, FWHM) and height H [solid Gaussian curve in Fig. 2(a) , N0] by tightly focused laser pulses. If the carriers are injected with an average velocity alongx, the profile moves alongx. After a short period of time of τ, the profile is shifted by a distance of d, to a new position [dotted Gaussian curve, Nτ]. For ballistic transport, d ≪ W. Therefore, a direct-imaging method with a spatial resolution of about W cannot be used to measure d.
To solve this resolution problem, the difference between the final and initial profiles, ΔN Nτ − N0, is directly measured. This is done by introducing modulations between the two profiles and detecting the signal by a lock-in amplifier. This ΔN, which can be viewed as the change of the carrier density due to the transport, has a derivativelike spatial profile, as shown as the solid line in Fig. 2(b) . The amplitude of this profile, h, is proportional to d. Because the two peaks of the ΔN profile are separated by a distance W , the profile can be spatially resolved. Additionally, the sign of the derivativelike profile shows the direction of current flow. By measuring h as a function of time, we can deduce the time evolution of d by using the relation
The same approach can be used to study a ballistic pure spin current. In a pure spin current, the two spin systems move oppositely, and hence they separate after a certain period of time, as shown in Fig. 2(c) . The resulting spin density, defined as S N ↑ − N ↓ , has a derivativelike profile, as shown in Fig. 2(d) . The magnitude of this profile is related to the separation of the two spin profiles in the same way as Eq. (2). The sign of this profile is determined by the direction of the spin transport.
Hence, ballistic charge and spin transport over a distance that is much smaller than the laser spot can be accurately measured. Equation (2) also shows that the derivativedetection scheme converts a spatial resolution problem to an SNR problem: the left-hand side shows the distance to be measured (d) with respect to the spatial resolution (W ), while the right-hand side shows the signal to be detected in this derivative-detection scheme (h) compared to the signal measured in a direct measurement (H). Therefore, to implement the derivative-detection scheme, it is necessary to reduce W by tightly focusing the laser pulses, modulate the two profiles, and increase the SNR. Figure 3 shows the experimental setup used to inject ballistic charge and spin currents by the QUIC technique and spatially and temporally resolve the current dynamics. We use a diodepumped solid-state laser to pump a Ti:sapphire laser that produces tunable infrared laser pulses of 100 fs duration with a repetition rate of 80 MHz. This output is used to pump an optical parametric oscillator (OPO) to generate 100 fs pulses around 1500 nm, serving as the ω pulse that drives the twophoton absorption in the QUIC technique. The 2ω pulse is obtained by second-harmonic generation (SHG) in a beta barium borate (BBO) crystal. The two pulses are sent through an interferometer in order to independently control their phase and polarizations, and then they are combined together and focused on the sample through a microscope objective lens with a high numerical aperture. As discussed in Section 2, by choosing different polarization configurations of the two pulses, we can inject different types of ballistic currents.
B. Experimental Setup
The dynamics of these ballistic currents is studied by using the derivative-detection scheme, as described in Subsection 3.A. The carrier density and the spin density can be simultaneously detected by analyzing differential transmission and carrier-induced circular dichroism of a probe pulse. The linearly polarized probe pulse can be viewed as a superposition of two circular components, σ and σ − , of the same amount. When going through the sample, both components will have some absorption, or equivalently a linear transmission that is less than 1 (the ratio between the transmitted intensity and the incident intensity). When no carriers are present, this linear transmission has some value, T 0 . When carriers are present, the absorption will be reduced because the carriers block some final states involved in the interband absorption. Hence, the transmission with carriers present, T, will be different from T 0 . The relative change, ΔT∕T 0 T − T 0 ∕T 0 , is defined as the differential transmission. In the low-density regime, the differential transmission is proportional to the carrier density.
If the carriers are spin polarized, owing to the spin-selection rules, the absorption coefficients for the two circular components of the probe are different. Therefore, the transmitted probe has two unequal circular components. It then becomes elliptically polarized with a certain ellipticity. This is known as a circular dichroism. In addition, the indices of refraction for the two circular components are different, owing to the presence of the spin-polarized carriers. Therefore, the two circular components have different phase shifts when propagating through the sample. This causes a rotation of the polarization, which is called Faraday rotation. Both the induced ellipticity and the rotation angle are proportional to the spin density, under typical conditions.
The implementation of the derivative-detection scheme is also shown in Fig. 3 . We take a small portion of the Ti:sapphire laser beam and focus it to the sample from the back side by using a microscope objective lens with a high numerical aperture. The transmitted pulse is collimated by the pumpfocusing lens. It contains information about the carrier density and spin density at the location of the probe spot and the time when the pulse arrived at the sample. A beam splitter is used to divide the probe beam into two parts for analyzing the carrier and the spin densities separately. In order to measure the carrier density, the reflected part is sent to a photodiode of a balanced detector. The other photodiode of the same balanced detector receives a part of the probe that was taken before entering the sample. By matching the power of the two beams, the intensity noise of the probe beam is evenly distributed on the two detectors, and hence it is canceled at the output voltage of the balanced detector, which is proportional to the difference in the powers received by the two photodiodes. This voltage is measured by a lock-in amplifier.
When measuring N, a chopper is used to modulate the power of the pump beams that reaches the sample and therefore the density of carriers injected by the pump. Hence, the voltage on the lock-in amplifier is proportional to N. When measuring ΔN, an electro-optic modulator is used to modulate the phase of the 2ω pulse. Because the injected current density is determined by Δϕ, we are essentially modulating the injected current density between a certain value and zero, if we choose a proper waveform of the voltage applied to the modulator. With zero current density, the injected carriers have no directional movement and the carrier density profile remains unchanged at later time delays. Hence, the profile at a later time delay without current injection mimics the profile at the initial time of current injection. Therefore, the modulation between the two profiles at a certain time delay with and without current injection is equivalent to a modulation between the two profiles at the initial and later time delay with current injection. Under this modulation scheme, the voltage on the lock-in amplifier is proportional to ΔN. Note that because the thermal diffusion occurs to both profiles, with and without current injection, it does not influence the measurement. Additionally, the broadening of the profile due to the diffusion is negligible on the short time scales in which ballistic transport occurs.
The spin density is measured by analyzing the ellipticity of the probe, by using the portion of the transmitted probe that goes through the beam splitter. The strength of each circular component of this probe is proportional to the density of the carriers with each spin orientation. We use a quarter-wave plate to convert the two circular components to two linear polarizations that are orthogonal. We then use a Wollaston prism to separate them, and we measure them by a balanced detector and a lock-in amplifier. The voltage signal measured is proportional to the spin density, and it can be converted to the spin density by calibration.
With this system, we can detect S, N, and ΔN as a function of the probe delay with a time resolution of 100 fs and as a function of space by moving the probe laser spot with respect to the pump spots, with a spatial resolution of 1-2 μm. From the magnitudes of the S and ΔN profiles, we can determine the nanoscale transport length of spin and charge. The smallest detectable distance is solely determined by the SNR of the detection. In practice, we can detect a distance of 0.1 nm traveled by the carriers in GaAs samples.
C. Intrinsic Inverse Spin Hall Effect
In the spin Hall effect, a charge current produces a transverse pure spin current due to the spin-dependent scattering between electrons and impurities, as a result of the spin-orbit coupling. Recently, it has been extensively studied both theoretically [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] and experimentally [40, 41, 43, 44, 61, 110, 111] . Based on the same physics mechanism, a pure spin current can generate a transverse charge current. Such an inverse spin Hall effect has also been proposed [97] and experimentally observed [61, 112, 113] . In contrast to these extrinsic effects that are caused by scattering, the intrinsic spin Hall effect that does not rely on scattering has been proposed as well [99, 100, 114, 115] . This effect can have important applications in nanoscale devices where the transport is dominated by ballistic carriers.
The combination of the QUIC and high-resolution pumpprobe techniques allow us to time resolve the spin Hall dynamics in the ballistic regime [68] . In the experiments, we instantaneously inject a transient ballistic pure spin current in undoped GaAs multiple-quantum-well samples by the QUIC technique. After injection, the pure spin current decays due to scattering. By time resolving the decay, we can determine the scattering time. Then, by simultaneously monitoring the dynamics of the generated transverse charge current, we can determine whether the transverse current is generated before the first scattering event. This can provide unambiguous evidence for the intrinsic effect. Figure 4 shows our observation of the intrinsic inverse spin Hall effect [68] . Several samples with similar structures were studied; here we show the measurement performed with a 40-period GaAs∕Al 0.3 Ga 0.7 As multiple-quantum-well sample with a well width of 7.4 nm. The sample is cooled to 10 K by a closed-cycle cryostat (Advanced Research Systems). A pure spin current is injected along thex direction by a pair of ultrafast pulses with wavelengths of 1500 and 750 nm that are perpendicularly linearly polarized. First, we acquire the profile of N by scanning a probe spot with wavelength 790 nm in the x-y plane with a fixed probe delay of 0.5 ps, as shown in Fig. 4(a) . The Gaussian-shaped profile is consistent with the shape of the laser spots.
Because the two spin systems are injected with opposite average velocities alongx, the profiles of the two spin systems should separate alongx, resulting in a derivativelike S profile, as illustrated in Figs. 2(c) and 2(d). We measure S as we scan the probe spot along thex direction with y 1 μm [white horizontal line in Fig. 4(a) ]. The results are shown in Fig. 4(b) . From the magnitude of this derivativelike profile, we deduce that at τ 0.5 ps, Δx 17 nm. Because of the inverse spin Hall effect, we expect the profile of N to move along the transverse direction,ŷ. To monitor that transport, we measure ΔN as we scan the probe spot alongŷ with x 1 μm [white vertical line in Fig. 4(a) ]. The derivativelike profile of ΔN, shown in Fig. 4(c) , confirms that the charge transport occurs alongŷ. From this profile, we deduce Δy 0.3 nm. Next, we fix the probe spot at x y 1 μm [white circle in Fig. 4(a) ] and simultaneously measure S and ΔN as we scan the probe delay. Figure 4(d) shows the Δx (solid squares, left axis) and Δy (solid circles, right axis) deduced from the measured S and ΔN as a function of the probe delay. To model the pure spin transport, we assume that the average velocity of each spin system decays exponentially, with a momentum relaxation time of τ m . Hence, Δx Δx 0 1 − exp −τ∕τ m , where Δx 0 is the final transport length. Using this equation, we fit the data (solid line) to deduce τ m 0.45 ps. If the transverse charge current is induced via the extrinsic inverse spin Hall effect, it is expected to build up on a much longer time scale because it takes multiple electron-hole or electron-impurity scattering events to establish the transverse current. However, the simultaneously measured Δy reaches a peak before 0.45 ps. Because the transverse charge current density is proportional to the time-derivative of Δy, it peaks even earlier.
Hence, the transverse current is generated before scattering. Because we can safely exclude the extrinsic inverse spin Hall effect in this scattering-free ballistic regime [99, 100, [114] [115] [116] , we conclude that the observed inverse spin Hall effect is intrinsic. Our results are also consistent with a recent observation of the intrinsic spin Hall effect in HgTe nanostructures [117] .
D. Time-Resolved Spin-Polarized Charge Currents
As shown in Fig. 1(c) , a spin-polarized charge current is injected when the two pump pulses are both circularly polarized with the same sign. Previously, all-optical injections of spinpolarized charge currents have been demonstrated through the QUIC technique [95] and by the spin photogalvanic effect [118] [119] [120] [121] [122] [123] [124] [125] [126] . However, in these studies the currents were detected by steady-state electrical techniques that are not sensitive to spin. Hence, the currents were not time resolved and the spin polarization was not determined.
The high-resolution pump-probe technique allows us to study the dynamics of the spin-polarized charge currents injected by the QUIC technique [63] . The experiment was performed on a 400 nm bulk GaAs sample at room temperature and a 10-period 14 nm GaAs multiple-quantum-well sample at 90 K. Similar results were obtained from both samples. Figure 5 summarizes the experimental results from the bulk sample. A pair of circularly polarized pulses with wavelengths of 1500 and 750 nm is used to inject the ballistic spin-polarized charge current. First, with a probe delay of 0.3 ps, we measure the spatial profiles of the carrier density [squares in Fig. 5(a) ] and spin density [squares in Fig. 5(b) ] by scanning the probe spot alongx while modulating the pump intensity with a chopper. The Gaussian profiles are consistent with the shape and size of the laser spots. Next, we modulate the relative phase Δϕ so that thex component of the injected current density is modulated. This allows us to detect ΔN (circles in A) and ΔS (circles in B) as we scan the probe spot alongx. Here, ΔS is defined in a similar way as ΔN, and it can be viewed as the accumulation of spin induced by the transport of spinpolarized carriers. By comparing the two profiles shown in Fig. 5(a) , we deduced a carrier transport length of about 4 nm. By comparing the profiles of ΔN and ΔS, we found that the spin polarization of the current is about 50%.
These measurements were repeated with different probe delays in order to time resolve the transport. The results are shown in Fig. 5(c) . Upon injection, the electrons move along x. Because the holes are injected with opposite momentum, according to crystal-momentum conservation, they move along −x. Once the electrons and holes separate, a space charge field develops, slowing down and eventually stopping the motion of the electrons and holes. Then, the space charge field becomes a driving force to pull the electrons and holes back to a common location. Because throughout the entire process strong phonon and intercarrier scattering occurs, this oscillation is strongly damped. The dynamics exist only for less than 1 ps. From the measured ΔS, we found that the spin polarization of the current remains about 50% during this process.
E. Efficiency of the Quantum Interference to Inject Pure Spin Currents
We have also used the high-resolution technique to study the power dependence of pure spin current injection. For efficient current injection and precise control of pure spin currents with the QUIC technique, it is important to know how the injected spin current density varies with the intensities of the excitation laser pulses. It was known that the average velocity of each spin system in the injected pure spin current depends on the relative strength of the two transition pathways driven by the two laser pulses. This is similar to the classical interference of two light beams, where the contrast of the interference pattern is determined by the relative intensity of the two beams. In this case, the best contrast is achieved when the two beams are of the same intensity.
To investigate this issue, we studied the current injection efficiency as a function of the relative strength of the two transition pathways driven by the two laser pulses [64] . This is done by measuring the spin transport length as we vary the carrier density injected by each individual pulse, but we keep the total density unchanged. Under this condition, the spin transport length is only determined by the injected average velocity because the momentum relaxation has the same influence on all of the measurements. Figure 6 summarizes results from measurements performed on two samples under different conditions. We found that under our experimental conditions, the average velocity is determined by N ω ∕N 2ω in the same way as classical interference (solid line in Fig. 6) , as predicted by a model based on Fermi's golden rule [57, 127] . As a consequence, the density of the injected pure spin current increases monotonically with the excitation intensities [64] .
DIRECT OPTICAL DETECTION OF BALLISTIC CURRENTS
In the previous section, the ballistic transport is studied by measuring the position of the carriers as a function of time. In order to overcome the limit on the spatial resolution imposed by diffraction, we used a derivative-detection scheme. However, it is desirable to have a technique that directly senses the velocity of carriers. In this section, we review our demonstrations of a second-order nonlinear optical effect induced by currents. Generally speaking, a flow of spin or charge current breaks the inversion symmetry of the material, allowing second-order responses. We will first discuss the experimental setup and procedures and then describe the demonstration of SHG induced by pure spin currents and pure charge currents.
A. Second-Harmonic Generation Induced by Pure Spin Currents The SHG induced by pure spin currents was recently predicted by Wang et al. [128] . This effect is closely related to the well-known effect of Faraday rotation. The polarization direction of linearly polarized light rotates when propagating through a medium with a magnetic field applied along the propagation direction, with a rotation angle determined by the field strength and the length of the media. In a semiconductor, an electron with a certain spin orientation has an effective magnetic field, and it can also cause Faraday rotation of an incident light. In this process, the rotation angle is determined by the detuning between the frequency of the light and the interband transition frequency of the electron. In fact, this effect has been extensively used for optical detection of spin in semiconductors. However, in a pure spin current, every electron is accompanied by another electron with an opposite crystal momentum and an opposite spin orientation. Hence, the Faraday rotation caused by these two electrons seems to cancel, and there seems to be no optical effect. However, Wang and his co-workers [128] recognized that the electric field of the incident light would accelerate one electron but decelerate the other at any instant of time. This will change the detuning of the two electrons oppositely. Thus, the Faraday rotation caused by the two electrons is not exactly canceled, leaving a net second-order nonlinear optical susceptibility that is proportional to the current density [128] . Figure 7 illustrates the experimental setup we used to observe the SHG induced by a pure spin current [65] . It is similar to the high-resolution pump-probe system shown in Fig. 3 . The pure spin current is still injected by the pair of ω∕2ω pulses that are obtained from the signal output of the OPO and its second-harmonic (SH), as discussed in Subsection 3.B. To observe the induced SHG, the idler output of the OPO with a central wavelength of 1760 nm, an intensity temporal width of 170 fs, and a pulse energy of 0.1 nJ, is used as the probe pulse. It is focused to a spot size of 2.1 μm from the back side of the sample. The probe pulse is linearly polarized alongx, which is the direction of the current flow. The expected SH of the probe pulse with a central wavelength of 880 nm is collected by the pump-focusing lens, and it is sent to a silicon photodiode. A combination of bandpass and color filters is used in front of the photodiode in order to block the unwanted beams, including the reflected and scattered pumps, the transmitted probe, and the photoluminescence of the sample.
We use a homodyne detection scheme to amplify the weak SH signal induced by the current by a vectorial addition with a local oscillator [129] . The local oscillator has the same frequency and ideally the same phase, but with a much larger amplitude. In our experiment, the surface SHG of the GaAs sample is used as the local oscillator for simplicity. The total SH intensity is a result of the interference of the two fields:
where c and ϵ 0 are the speed of light and the dielectric constant in a vacuum, respectively. We write this total SH intensity as
where . In each set of measurements, the total electron density is kept constant when n ω ∕n 2ω is varied. The squares, circles, and triangles show data measured from a 400 nm bulk GaAs sample at room temperature, with the total carrier density of 1.4, 2.5, and 5.5 × 10 17 cm −3 , respectively. The diamonds represent data measured from a multiple-quantum-well sample at 80 K, with total electron density of 1.0 × 10 17 cm −3 . 
is the intensity of the local oscillator, and
is the change of the total intensity due to the current-induced SHG. The silicon photodiode has a response time much longer than the pulse duration of the SH, and a size much larger than the focused beam. It integrates the intensity of the SH in both time and space, and it outputs a voltage signal that is proportional to the average power of the SH beam. The power corresponding to I LO , P LO , is measured by modulating the intensity of the probe pulse with an optical chopper, with the current-injecting pulses blocked. We find that P LO 4 nW. The optical power corresponding to ΔI, ΔP, is measured by modulating the injected current density, which is achieved by modulating Δϕ with the electro-optic phase modulator [64] . We found that under our experimental conditions, the maximum value of ΔP is below 0.1 nW. Hence, E LO ≫ E J . Because the second term in ΔI is then negligible, the optical power detected in this homodyne detection scheme, ΔP, is proportional to the amplitude of the optical field of the SH induced by the current and is therefore proportional to the current density at the probing location and the probing time. Figure 8 shows an example of the detected SH signal as a function of the probe delay [65] . The sample is a 400 nm bulk GaAs crystal grown along the [100] direction, cooled to 10 K. In this measurement, the two pump pulses inject a total carrier density of 4 × 10 17 ∕cm 3 . With the average velocity of each spin system estimated to be about 30 nm∕ps, the charge current density of each spin system is about 3 × 10 4 A∕cm 2 . A peak signal of ΔP of about 4 pW was observed. The signal decreases rapidly with the probe delay, showing the fast decay of the pure spin current due to momentum relaxation of each spin system, which is caused by scattering. However, the decay is clearly not pulse-width limited.
In the homodyne detection scheme, the total SH intensity is determined by the electric field amplitudes of both the surface SH and the current-induced SH. For our purpose, it is sufficient to write the former as
where E p is the field amplitude of the probe pulse (1760 nm) and A LO is a parameter that can be determined experimentally: using Eq. (5),
with I P the intensity of the probe. The field amplitude of the current-induced SH can be obtained by solving the coupledwave equations [130] :
where
where L and n are the thickness and the index of refraction of the sample, respectively, and λ is the wavelength of the SH in vacuum. Here, we have ignored the phase difference between E LO and E J . This assumption is reasonable because the sample thickness is smaller than the coherence length and most currents are injected near the sample surface. From Eqs. (5) and (6), we have
and
because the intensity of the local oscillator is much higher than the current-induced SH. Hence
Collecting Eqs. (8), (10) , and (13), we arrive at our final expression for the current-induced second-order susceptibility,
Each intensity, ΔI, I LO , and I p , is a Gaussian function of time with a width on the order of 100 fs and has a Gaussian shape in space with a width of about 2 μm. The peak intensity can be calculated from the measured time-averaged power of the corresponding component, ΔP, P LO , or P p , using the relation
where f , τ, and w are the repetition rate of the laser (i.e., number of pulses per second), the temporal width of the pulse, and the width of the laser spot. From the measurement, we have P p 10 mW, P LO 4 nW, and ΔP 4 pW. Using Eq. (15) with f 8 × 10 7 Hz, τ 200 fs, and w 2 μm, the corresponding peak (14), with n 3.6, λ 880 nm, L 400 nm, c 3 × 10 8 m∕s, and ϵ 0 8.85 × 10 −12 C 2 ∕Nm 2 , we find χ 2 J ≈ 0.01 pm∕V, when the charge current density of each spin system is 3 × 10 4 A∕cm 2 [65] .
B. Second-Harmonic Generation Induced by Pure Charge Currents Previously, it has been predicted that a charge current can also induce SHG [131] . We demonstrated this effect with a similar technique and procedure [132] . By using a pair of laser pulses that are both linearly polarized alongx, a ballistic pure charge current is injected alongx, as illustrated in Fig. 1(a) . The same experimental setup as shown in Fig. 7 was used to observe the SHG induced by the injected charge current. Figure 9 shows an example of the experimental results of the same bulk GaAs sample cooled to 10 K. In this measurement, the injected current density is estimated to be 10 5 A∕cm 2 . A peak signal of about 80 pW was observed. We also found that the signal oscillates, due to the expected plasma oscillation: the electrons and holes are injected with opposite crystal momenta. Once they separate, a strongly nonuniform space charge field develops, which decelerates the carriers and causes the current density to drop. After the carriers reach their maximum displacements, with the current density dropping to zero, they are driven back toward the origin by the space charge field, giving rise to a negative current. As shown in Fig. 9 , such a plasma oscillation is strongly damped, due to scattering and the field inhomogeneity [133] . By using the procedure described in Subsection 4.A., we deduce the induced second-order nonlinear susceptibility to be on the order of 0.05 pm∕V for such a current density [132] . This is consistent with the theoretical value of 0:07 pm∕V [131] .
It is well known that an electric field can induce SHG [134] [135] [136] [137] [138] [139] . Although the injected current in our experiment is accompanied by a space charge field, we can safely rule out the latter as the cause of SHG: the space charge field is proportional to the charge separation, and hence it is delayed with respect to the current density, J, by approximately a quarter period. Such a lag has been confirmed in our previous high-resolution pump-probe experiments, where the charge separation was found to reach a peak after more than 100 fs [62, 63] . Here, we observed the peak SHG around zero probe delay. Hence, the all-optical time-resolved technique has the advantage to unambiguously distinguish the fieldinduced and the current-induced SHG effects. This can be quite difficult in steady-state measurements where the current is proportional to the field [140] .
SUMMARY
We have discussed our recent studies on ballistic charge and spin currents using nonlinear optical techniques. By using quantum interference between one-photon and two-photon absorption pathways, one can inject different types of ballistic currents, including pure charge current, pure spin current, and spin-polarized charge currents, by simply choosing different polarization configurations of the pump laser pulses. A high-resolution pump-probe technique is used to spatially and temporally resolve these ballistic currents. By using a derivative-detection scheme, we can detect motion of carriers as short as 0.1 nm. We have observed the intrinsic inverse spin Hall effect in the ballistic regime, time-resolved ballistic spinpolarized charge currents, and we studied the efficiency of current injection by quantum interference. Following theoretical predictions, we have demonstrated that charge and spin currents can induce second-order nonlinear optical effects, with the nonlinear susceptibility being proportional to the current density. These nonlinear optical effects can be used for nondestructive, noninvasive, and real-time imaging of currents.
